Introduction
Cancer proteomics has been greatly investigated to elucidate the mechanism of tumorigenesis and to find early cancer detection biomarkers [1, 2] . Serum proteins or cytokines have been predominantly studied as early cancer detection biomarkers [1, 3, 4] , because they can be easily collected via minimally
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International Publisher invasive methods and sera contain much more cancer-associated proteins directly released from tumor masses than any other forms of samples such as saliva and urine. In addition, serum protein biomarkers have been used to predict the host's response to a cancer therapy [5] , tumor progression and regression [6] , and cancer recurrence [7] . Furthermore, proteomic signatures can reveal the activity of a host's immune system during the development of tumors or upon a drug treatment such as cancer immunotherapy [8] .
To understand the mechanisms in immune responses and drug actions, researchers have mainly used mouse models because they can be performed in a more controlled manner, and experiments on humans are heavily restricted due to regulations. Despite differences between the species, mice are still a good candidate model to represent humans, because they have genetic, biological, and behavioral similarities to humans. However, the problem with experiments using mice is that the volume of blood in a mouse is over 1000 times less than that of humans, which limits the volume drawn at each time and the frequency of blood collection. These two factors of sample collection are practically important to experimental design and performing longitudinal experiments with a single object, especially when the measurements of multiple proteins are required. Due to the heterogeneity among mice, if blood or serum samples from different mice are pooled together, unique proteomic profiles rendered in a single mouse can be averaged out [9] . Therefore, only common trends among the mice will be captured in the measurements, or unfortunately the opposite trends could be cancelled out if they are expressed separately by two groups of mice in the pool.
As we witnessed, single cell analysis has brought a new perspective in bioscience and medicine [10, 11] . Similarly, a longitudinal study on a single mouse can bring a new insight into the protein profiles in a single object correlated with symptoms or outputs from the object during the course of tumor development [12] . More importantly, longitudinal monitoring can reveal temporal changes in cytokine levels induced by host-tumor interactions, which cannot even be recognized by conventional end-point measurements.
To obtain such data, many approaches have been utilized to overcome the restrictions of sample collection in longitudinal studies. One method is microarrays [13, 14] , which are high-throughput, but are not sensitive enough to measure low abundant proteins. Another approach is bead-based assays [15] . Bead-based assays are highly multiplexed and sensitive, but the process of the measurement is relatively slow because bead-counting is a serial process, and the costs of reagents are fairly high. Thus, a new tool is greatly needed to perform longitudinal studies with mouse models more effectively with a higher temporal resolution and the capability of sensitive multiplexing.
We have developed magneto-nanosensors capable of monitoring multiple proteins at femtomolar sensitivities with a large dynamic range [16, 17] . The magneto-nanosensors have been demonstrated for the detection of radiation biomarkers [18] , autoantibodies [19, 20] , and small molecules [21] as well as for monitoring proteinprotein interactions [22, 23] . Here, we present a method using magneto-nanosensors with 6-plex cytokine assays to measure longitudinal protein profiles in response to cyclophosphamide treatment in mouse lymphoma models. High levels of IL-6 and GCSF in serum samples from the drug-treated mice were observed after the treatment, and it was found that IL-6 is produced by the host in the presence of tumor cells upon the treatment by using IL-6 knock-out (KO) mice. We believe that our technique enables researchers to longitudinally monitor protein profiles during the course of tumor development or therapeutic intervention, which allows for studies on mechanisms of tumorigenesis and drug action in a single object of interest.
Results

Development of multiplexed magneto-nanosensor cytokine assays
The magneto-nanosensor employs the effect of giant magnetoresistance (GMR) to detect magnetic nanoparticles (MNPs) in its proximity [24] . MNPs are surrogate labels for target proteins in a sandwich complex with a pair of antibodies. The MNPs used in this study have an average diameter of 46±13 nm with multiple cores of iron oxide embedded in a dextran polymer [23] . To measure multiple proteins in a sample of interest, an array of 8 × 8 magnetonanosensors was fabricated on a 10 mm × 12 mm chip using photolithography techniques as shown in Figure 1A . Individual magneto-nanosensors on the chip were functionalized with different antibodies that specifically capture their target cytokines such as granulocyte colony-stimulating factor (GCSF), tumor necrosis factor alpha (TNF-α), eosinophil chemotactic protein (Eotaxin or CCL11), fms-related tyrosine kinase 3 ligand (FLT3LG), interleukin 6 (IL-6), and vascular endothelial growth factor (VEGF) ( Figure  1B ). In addition to the capture antibodies, some sensors were coated with bovine serum albumin (BSA) or biotinylated BSA to serve as negative and positive controls, respectively. The baseline signals were measured after the chip was loaded into the reader station. Then, MNPs were introduced to the chip as indicated by the gray arrow. The binding signals were monitored until they reached their plateaus. Six recombinant proteins (GCSF: 1 ng/mL, TNF-α: 1 ng/mL, Eotaxin: 1 ng/mL, FLT3LG: 1 ng/mL, IL-6: 0.1 ng/mL, and VEGF: 0.1 ng/mL) were used as a test sample. The error bars represent standard deviations of 4 identical magneto-nanosensors. (D) Titration curves of 6-plex protein assays measured by multiplexed magneto-nanosensors. Six recombinant proteins were mixed to be at indicated final concentrations (10 and 1 ng/mL, and 100, 10, and 1 pg/mL), and measured using multiplexed magneto-nanosensor protein assays. Each data point is the average signal of 4 identical magneto-nanosensors, and titration curves (solid lines) were calculated using four parameter logistic (4-PL) regression (IL-6: R 2 = 0.9997, GCSF: R 2 = 0.9892, Eotaxin: R 2 = 0.9936, TNF-α: R 2 = 0.9950, FLT3LG: R 2 = 0.9524, and VEGF: R 2 = 0.9969).
Then, a serum sample was added to the chip, and the target proteins in the sample bound to the capture antibodies on the sensors. The bound proteins were labeled with biotinylated antibodies (detection antibodies), which were further labeled with streptavidin-coated MNPs. To demonstrate the 6-plex assay with the magneto-nanosensors, a chip was incubated with a sample containing recombinant proteins of GCSF, TNF-α, Eotaxin, and FLT3LG all at 1 ng/mL and both IL-6 and VEGF at 0.1 ng/mL. The concentrations of the proteins were tailored to show various levels of magneto-nanosensor signals.
Real-time signals were monitored after MNPs were added to the chip ( Figure 1C ). The positive control sensors always produce a maximum signal because they bind to MNPs directly without forming any sandwich structure with the antibodies and proteins. Due to the different number densities of the proteins in the sample and the binding affinities of the antibodies, it is difficult to precisely compare the concentrations of different proteins using the raw signals, but generally higher concentrations produce higher magneto-nanosensor signals because it is known that the magneto-nanosensor signals are proportional to the number of bound MNPs [23, 25] . More precise conversion factors to concentrations from measured signals for each assay are typically obtained with titration curves where signals are plotted versus varying concentrations of each target protein. However, before measuring the titration curves, we tested the cross-reactivity between the 6-plex protein assays by using the method described previously [26] , because there are concerns about the cross-reactivity of antibodies used in immunoassays [27] . No significant cross-reactivity was observed across the assays ( Figure S1 ). With these antibody pairs, titration curves were measured with proteins ranging from 1 pg/mL to 10 ng/mL ( Figure 1D ). The parameters of analyzed titration curves are summarized in Table S1 . After demonstrating that the assays show clear dose-response with varying concentrations of proteins, we further tested the variations of the assays by measuring pre-aliquoted and frozen quality control (QC) samples with different reader stations on different days ( Figure S2 ). The calculated coefficients of variation (CV) of the assays were less than 25% in all the cases that we tested, which is comparable to or better than the performance of conventional microarray techniques [28] [29] [30] .
Mouse lymphoma models
To generate drug-sensitive/resistant mouse tumor models where protein profiles are monitored with magneto-nanosensors upon therapeutic intervention, we inoculated 3 × 10 5 Eµ-Myc/p53-/-or Eµ-Myc/Arf-/-mouse lymphoma cells into syngeneic and immunocompetent C57BL/6 mice ( Figure 2A) . The oncogene of c-Myc was coupled to the immunoglobulin heavy chain µ enhancer (Eµ) and was overexpressed in these cell lines, leading to the development of non-Hodgkin's lymphoma, which closely resembles human Burkitt's lymphoma [31, 32] . Arf (its product: p19 Arf , p14 Arf in humans) and p53 are tumor suppressor genes, and their mutations combined with Eµ-Myc are known to develop tumors much faster than Eµ-Myc only [33] . Interestingly, although Arf and p53 closely interplay via Mdm2 [32, 34] , their mutations' outcomes in response to chemotherapy using cyclophosphamide are dramatically different: Eµ-Myc/Arf-/-(or Arf null) is sensitive to the drug (similar response as Eµ-Myc), but Eµ-Myc/p53-/-(or p53 null) shows primary resistance [33] . Among two subgroups of mice inoculated with Arf null cells, one subgroup was injected with cyclophosphamide 8 days after transplantation of the cells, and the other subgroup was treated with vehicle solution (Hank's balanced salt solution, HBSS) ( Figure 2A ). The drug treatment was scheduled on day 8 post-transplantation to maximize the effect of the drug, because a huge efflux of tumor cells into lymph nodes from spleen was observed on day 10 post-transplantation in similar mouse models [35] . Serum samples were collected from both subgroups before inoculation of the cells (D0) as well as 7 (i.e., pre-treatment), 9, 14, and 21 days after the cell injection (D7, D9, D14, and D21). The same drug treatment and serum collections were performed for the subgroups of the mice inoculated with p53 null cells and the control mice (no cells were injected as a negative control). The Kaplan-Meier curves of four groups (treated and untreated Arf null, and treated and untreated p53 null) clearly display their sensitivities to the drug ( Figure 2B ). All mice in the treated Arf null group (n=10) survived until 80 days after the cell injection when the experiment was terminated, while the treated p53 null group (n=7) all died before day 50. Both untreated Arf null (n=10) and p53 null (n=9) groups started to die around day 20, or become moribund and then sacrificed after the final bleeding. As expected, the treated (n=3) and untreated (n=3) groups of the control mice did not show any symptoms of the disease, and survived until the experiment was terminated.
Multiplexed cytokine measurements
To investigate the differences in protein profiles between the treated and untreated groups, 25 µL of serum at each sample collection point from each mouse
were measured with the 6-plex magneto-nanosensor assays to construct protein profiles over the course of the experiment (Figure 3) . The signals were converted into concentrations using the titration curves ( Figure 1D ) to estimate the actual concentrations of the proteins ( Figure S3 ). For the measurement, the mice were randomly selected from Arf null (n=5 for treated and untreated, respectively) and p53 null (n=4 for treated and untreated, respectively) cohorts shown in Figure 2 . Regarding the untreated p53 null cohort, however, we only include the mice that died before day 21 to ensure the same physiological outcomes among the 4 mice that we choose to measure. In addition, to examine the intermediate effect induced by the drug, serum samples were collected one day before and after the drug treatment (D7 and D9), which was possible due to the small sample consumption in magnetonanosensor measurement. We clearly observed that the IL-6 levels in serum samples peaked on day 14 only in the treated subgroups of both Arf null and p53 null cohorts (Figure 3) . Furthermore, the levels of GCSF were elevated rapidly just one day (D9) after the drug treatment only in the treated subgroups, and remained high until day 14 compared to the untreated subgroups. Comparable patterns of these proteins were not observed in control mice, implicating these findings as relevant to host-tumor interactions upon the treatment. To more carefully figure out which proteins display significant differences induced by the treatment, we performed statistical tests between the treated and untreated subgroups in each cell line cohort (Table 1 ). Prior to the treatment, both the treated and untreated groups were essentially identical as they were inoculated with the same number and type of tumor cells. As expected, they were not statistically different at the pre-treatment stage. Then, we again found that the differences in IL-6 and GCSF levels were statistically significant at the post-treatment stage. In addition, the statistical tests show that TNF-α and FLT3LG were highly expressed in the treated groups of Arf null and p53 null, respectively, after the treatment. These differences could be related to the final outputs of the treatment, and used to predict the prognosis. The origin of IL-6 While we observed an elevated level of IL-6 in the drug-responsive groups, it has been reported that affected lymph nodes in non-Hodgkin's diseases produce IL-6 and high serum IL-6 levels are correlated with worse prognosis [8, 36] . Thus, anti-IL-6 therapy has been under clinical trials for non-Hodgkin's diseases, especially Castleman disease [36] . However, IL-6 is known to be an important cytokine in immune response by enhancing T-cell and B-cell functions [37] , and was demonstrated to have anti-tumor activity in mouse tumor models [38, 39] . To address this issue, we need to clarify whether IL-6 is produced by the host or tumor cells. The origin of IL-6 was investigated using IL-6 KO mice with the p53 null cell line ( Figure 4A ). The tumor cells were injected into two subgroups of IL-6 KO C57BL/6 mice (n=10 for both treated and untreated, respectively) using the same protocols described in Figure 2 . The same drug was given to only one subgroup on day 8, and serum samples were collected every 7 days as well as the day after the drug treatment. The experiment was terminated on day 35, and we obtained similar survival curves that resemble those of the p53 null cohort using wild type mice ( Figure 4B ). Among 10 mice in each subgroup, 5 mice were randomly selected for IL-6 measurement ( Figure 4C ). The IL-6 levels in the treated group of IL-6 KO mice were as low as those in the untreated groups of IL-6 KO and wild type mice ( Figure 4C ). The elevated level of IL-6 in the treated wild type mice is statistically different from those in the IL-6 KO mice and untreated wild type mice. This indicates that IL-6 is generated by the host in the presence of tumor cells upon the drug treatment, not by the tumor cells themselves. Red represents drug-treated groups, while blue represents untreated groups. Each row shows profiles of a protein (IL-6, GCSF, Eotaxin, TNF-α, FLT3LG, and VEGF), and y-axes were on the same scale for the same protein across different mouse groups. Each column represents the same group of mice challenged with the same type of cell line or control group (n=3 for drug-treated and untreated groups, respectively). The first column shows drug-treated (n=5) and untreated (n=5) groups of mice challenged with Eµ-Myc/Arf-/-lymphoma cells, while the second column displays drug-treated (n=4) and untreated (n=4) groups of Eµ-Myc/p53-/-lymphoma cells. Since the untreated Eµ-Myc/p53-/-groups died before day 21, the last data points are day 14. Each data point represents the average signal of 4 identical magneto-nanosensors. 
Discussion
We have demonstrated that longitudinal multiplexed protein assays can be performed using magneto-nanosensors for quantitative proteomic signature analysis on a single biological object. Small consumption of serum samples in magneto-nanosensors allowed frequent sample collection in a single mouse. In this study, undiluted samples were used but if diluted samples are acceptable based on the concentrations of proteins of interest, it would be possible to monitor protein profiles on an hourly basis or even with higher temporal resolution by taking smaller volumes of samples more often. Another approach to achieve this without losing any sensitivity is to integrate the magneto-nanosensors with microfluidic channels to compartmentalize the sensors [40, 41] . Furthermore, only 6-plex protein assays were demonstrated in this study as proof of concept, but since there are 64 individual sensors on a chip, theoretically 64 different proteins can be measured with a single chip. Based on the methods described in this study, the panel of proteins can be further expanded without increasing the volume of sample required. Thus, the number of proteins that can be measured with magneto-nanosensors will be the same as commercially available bead-based assays (~50-plex). The sensitivities of both assays are comparable, but the assay time of the magneto-nanosensors is shorter than the bead-based assays due to the parallel processes in magneto-nanosensors. Compared to the conventional microarray [42] , the assay sensitivity of the magneto-nanosensors is better, as demonstrated in this study.
The magneto-nanosensor measurement revealed that IL-6 and GCSF were highly expressed after the treatment with cyclophosphamide. They peaked on day 14 compared to the untreated groups, but the levels of GCSF rapidly increased on the day after the treatment. Based on these observations, a possible scenario is that cyclophosphamide induced apoptosis of tumor cells or inflammation in the tumor microenvironment, which recruited immune cells. Then, the local immune cells such as macrophages produced GCSF, which further recruited granulocytes such as neutrophils. As the cellular immune response was initiated, the host cells generated IL-6 to activate T-cell and B-cell functions. Interestingly, the fully drug-responsive group (treated Arf null cohort) maintained statistically higher levels of TNF-α than the untreated group, while the partially responsive group (treated p53 null cohort; substantial extension in survival curve) produced more FLT3LG than its untreated counterpart. Since TNF-α is an indicator of apoptosis and a pro-inflammatory cytokine [43] , this could reflect that the immune cells are actively eliminating tumor cells. It has also been reported that FLT3LG has anti-tumor activity in vivo, as was demonstrated with fibrosarcoma [44] , but high levels of FLT3LG were not observed in the treated Arf null cohort. This might indicate that the p53 null cell line induces antagonists to prevent the production of FLT3LG as the tumor cells are growing and interacting with the host. Thus, the signature of these two cytokines could be a predictor of therapeutic outcomes.
Traditional cancer proteomics has been focused more on finding new biomarkers released from cancer cells or indicating the presence of tumor cells. However, proteomic signature of cytokines can represent host-tumor interactions including immune and drug responses, which help understand underlying mechanisms. With this technique, more precise and dense protein profile information in a single mouse can be obtained for any type of biological process or disease including cancer immunotherapy [43, 45] , vaccination [46] , autoimmune diseases [47] , and cardiovascular diseases [48] .
Materials and Methods
Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal protocol was approved by the Institutional Animal Care and Use Committee of Memorial Sloan Kettering Cancer Center.
Lymphoma mouse models
Mice were housed at Memorial Sloan Kettering Cancer Center in a facility accredited by the American Association of Laboratory Animal Care. Procedures were performed in accordance with Institutional Animal Care and Use Committee and National Institutes of Health guidelines. Mice were gas anesthetized using isoflurane (2% in 100% oxygen, 1 L/min) during all procedures and kept at 37 °C. For serum collection, 50 µL of blood was collected by submandibular bleeding into a 1 mL Z-gel microtube (Sarstedt, Germany). 400 µL of saline was injected subcutaneously to replenish the fluids in the mice. The blood was allowed to clot at room temperature for 1 h and spun down at 1 × 10 4 × g for 10 min at 4 °C to remove the blood cells. The serum was transferred to 1.7 mL microcentrifuge tubes and stored at -80 °C until analyses.
Magneto-nanosensors
An 8 × 8 array of magneto-nanosensors was fabricated on a chip with a dimension of 10 mm × 12 mm, as described previously [22] . Briefly, serpentine structures of multiple stripes of spin valve stacks (seed layer/IrMn/CoFe/Ru/CoFe/Cu/CoFe) were patterned via photolithography, and connected through 300 nm thick Ta/Au/Ta conductive layers. Each sensor was connected in the manner of a grid network to electrical pads for external connection with a reader station. A 30 nm thick passivation layer was deposited on top of the sensors except on 4 sensors at the corners. On the rest of the chip surface, a 300 nm thick passivation layer was deposited to avoid chemical corrosion and electrical breakdown.
For immobilization of capture antibodies, the chip surface was cleaned twice using acetone, methanol, and isopropanol sequentially. Then, a reaction well with an inner diameter of a quarter inch was installed to accommodate samples and reagents during the assay. The chip was further cleaned using oxygen plasma for 3 min before the surface chemistry employed previously [22, 24] . Briefly, the chip was treated with 1% poly(allylamine hydrochloride) for 5 min at room temperature, and rinsed with distilled water (10977-023, Life Technologies). The chip was then cured at 120 °C on a hot plate for 1 h, followed by treatment with 2% poly(ethylene-alt-maleic anhydride) for 5 min. After the chip was rinsed with distilled water, a 1:1 mixture of N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) in distilled water was added to the well, and incubated with the chip for 1 h. The chip was then rinsed again, and fully dried. Each capture antibody (anti-IL-6: MAB406, anti-GCSF: MAB414, anti-Eotaxin: AF-420-NA, anti-TNF-α: AF-410-NA, anti-FLT3LG: AF427, and anti-VEGF: AF-493-NA from R&D Systems) was spotted on different magneto-nanosensors in quadruplicate using a non-contact arrayer (sciFLEXARRAYER S5, Scienion). BSA and biotinylated BSA were spotted on different magnetonanosensors as positive and negative controls, respectively. The chip was placed in a humid chamber and incubated overnight at 4 °C.
Cytokine assays
The chip with immobilized capture antibodies was rinsed with rinsing buffer (Phosphate buffered saline (PBS) pH 7.4 with 0.1% BSA and 0.05% Tween20) and incubated with 1% BSA for 1 h at room temperature. After blocking with BSA, the chip was rinsed with rinsing buffer. 25 µL of an undiluted serum sample was then added to the chip and incubated for 1.5 h. For the titration curve measurements or development purpose, recombinant proteins were spiked into PBS and used at the indicated concentrations (IL-6: 406-ML, GCSF: 414-CS, Eotaxin: 420-ME, TNF-α: 410-MT, FLT3LG: 427-FL, and VEGF: 493-MV from R&D Systems). After rinsing the chip again, 50 µL of a cocktail of 6 different biotinylated detection antibodies (anti-IL-6: BAF406, anti-GCSF:
BAF414, anti-Eotaxin: BAF420, anti-TNF-α: BAF410, anti-FLT3LG: BAF427, and anti-VEGF: BAF493 from R&D Systems), each of which was at a concentration of 0.5 µg/mL, were added to the chip and incubated for 1 h, allowing for formation of sandwich complexes around the target protein or cytokine. The chip was then rinsed to remove unbound detection antibodies, and inserted into the reader station equipped with a 3 in. The reader station applies both an AC magnetic field to modulate the magnetization of the magneto-nanosensors and an AC voltage to the sensors at different frequencies to employ the double modulation scheme [49, 50] . The amplified signals from the magneto-nanosensors were processed using Fast Fourier Transform (FFT), and corrected using temperature and magnetoresistance correction schemes described in detail in the previous study [51] .
Statistical analysis
Multiplex magneto-nanosensor data were analyzed as mixed effects models using the MCMCglmm package (version 2.24) in the R statistical environment (version 3.3.2). Each analyte was modeled independently. The cell type (levels "p53 null", "Arf null", and "none"), treatment epoch (levels "pre-treatment" and "post-treatment"), and cyclophosphamide treated ("true", "false") were modeled as nested fixed effects. The mouse identifier was treated as a random effect. The day within each epoch was not considered as a factor. We employed 10 6 MCMCglmm iterations, and a burn-in of 10,000; computations with these settings proved to be highly reproducible. The reported significance is the p-value of the cyclophosphamide-treated effect. Using a hypothesis rejection criterion of false discovery rate (FDR) < 5%, cytokines with statistical significance were selected (Table 1) .
